The polarization-corrected temperature (PCT) method is used to quantitatively estimate rainfall associated with typhoons over Taiwan. The satellite rainfall retrieval algorithms for TRMM/TMI (Tropical Rainfall Measuring Mission/TRMM Microwave Imager) have been developed according to rain types to improve the accuracy of the rainfall estimation. Measurements from precipitation radar (PR) are used to classify the rain types into three kinds including convective rain, stratiform rain with bright band and stratiform rain without bright band. Finally, rainfall retrievals are verified using PR near-surface rain rate (PR_RR), which is regarded as the "correct value."
InTRoDuCTIon
Taiwan is a mountainous island with many high mountains up to about 4000 m elevation. During the past several decades, due to over-development on mountain slopes, conservation of soil and water has been a challenging effort for natural resources managers. Copious rainfall brought by typhoons often cause debris flows in upstream areas of mountain ranges, serious flooding, and loss of land. This leads to enormous economic losses and damage in Taiwan. And yet, rainfall brought by typhoons is the primary source of fresh water in Taiwan. Therefore, improving the forecasting techniques and providing early warnings for heavy rainfall to effectively reduce the loss caused by disasters is an important goal for meteorologists in Taiwan.
With the rapid development of satellite technology in recent years, satellite microwave data have become a major observational source for rainfall research on an international basis. This is because microwaves penetrate through clouds and directly observe hydrometeors within precipitating clouds. Because Taiwan is surrounded by oceans, it is Terr. Atmos. Ocean. Sci., Vol. 21, No. 4, 697-712, August 2010 convenient to use meteorological satellites to monitor and track weather systems with heavy rainfalls and acquire the information needed for flood mitigation. In the past few years, several researchers in Taiwan conducted studies on rainfall retrievals with passive microwave data over oceans and their results indicated that the rainfall retrieval technique performed well (Chen and Li 2000, 2002; Hu 2002; Chen 2004) . Chen and Tsai (2005) used the scattering index method to develop the satellite rainfall retrieval method in Taiwan. To verify rain gauge observations, Ferraro and Marks (1995) used the land rainfall retrieval algorithm (LRCT) and the results derived from LRCT were better than those derived from LRFM.
Because the land emissivity is more complicated than that over the ocean, it is difficult to estimate rainfall using the absorption method on land. Therefore, the research on land rainfall retrieval is mainly focused on the scattering method (Grody 1991; Wilheit et al. 2003) , through which the rainfall estimation formula was easily established. In the radiative transfer process, radiation energy is scattered out of the line-of-sight by ice content above freezing layer and by large raindrops below the freezing layer, thus reducing the brightness temperature (TB). Thus, with the decrease of temperature, more ice content and larger raindrops, stronger scattering occurs and leads to more rainfall on land. In other words, the scattering method is used to estimate the land rainfall indirectly based on the concept that the decrease of TB is mainly caused by ice content and large raindrops. Meanwhile, the reduction of TB at high frequency is much more than that at low frequency, especially when strong convection increases the thickness of ice content above the freezing layer.
When the scattering method is applied to the rainfall retrieval on land, the influence of scattering materials, such as snow, sea ice and desert land cover, should be separated (Ferraro et al. 1996; Weng et al. 1997) . However, there is no desert terrain in Taiwan and no snow-covered areas during the typhoon season. Therefore, in this study, there is no need to consider these sources of scatter. On the other hand, since Taiwan is surrounded by oceans, it is necessary to remove samples including coastal areas to avoid the influence of the ocean's cold background emission.
Using the distinct features between the horizontally and vertically polarized TBs, Spencer (1986) identified norain areas over the ocean under high polarization difference and rainy areas with little polarization difference. The PCT (polarization-corrected temperature) parameter is defined as:
where TB h and TB v are, respectively, the observed values of horizontally and vertically polarized TBs and β is defined as the follows:
where TB vc , TB vo , TB hc , TB ho are the observed value of vertically polarized and horizontally polarized TBs under a cloud-free and atmospheric-free states, respectively. According to Spencer et al. (1989) , the PCT value can be obtained if β = 0.45 is substituted into the Eq. (1), and the Eq. (3) for PCT is then derived. The threshold of precipitation is 255 K.
The main advantage of the PCT method is its ability to reduce the effect of background surface emissivities, making it possible to delineate areas of rainfall over varying surface types (Kidd 1998) . Therefore it is very useful for developing the rain rate algorithm on land with complicated surface emissivities. Todd and Bailey (1995) applied the PCT method to estimate rainfall in Britain and the nearby seas, and validated them with land-based radar network and rain gauges. The relationship between land rainfall RR and PCT, established by an empirical method, was log RR a b PCT Ti = + -ĥ h , where Ti was the rainfall threshold of PCT; a and b were constants to be determined. Because the coefficients of this formula were dependent on the data used, they may not be suitable for Taiwan. In this study, the PCT method is adopted to quantitatively estimate typhoon rainfall in Taiwan, but with new coefficients determined from data for Taiwan.
Convective clouds can be classified on a convective scale, whose spatial range is from 1 to 10 km (e.g., see Fujita 1986; Holton 2004) . Tsai et al. (2008) developed the land rainfall retrieval with the SIL (scattering index on land) method using 3 different TRMM/TMI (Tropical Rainfall Measuring Mission/TRMM Microwave Imager) channels (19.35, 37.0, 85 .5 GHz) with 10-km spatial resolution. The scattering index (SI) method at 85 GHz with SSM/I instruments was initiated by Grody (1991) . The key idea is that the signal from land surface emitted radiation is affected by ice particles and large raindrops much more at high-frequency (e.g., 85.5 GHz) than at low-frequency (e.g., 19.35 GHz). The 85-GHz TB in clear-sky state (i.e., non-scattering condition) was simulated by 19-GHz vertical polarization TB (TB 19v ), 21-GHz vertical polarization TB (TB 21v ), and the quadratic term of TB 21v . The difference between the simulated clear-sky 85-GHz TB and the actual measured 85-GHz TB is a measure of the degree of scattering by ice particles and large raindrops and the rain rate is proportional to the amount of scattering. The SI greater than 10 K was suggested as a rainfall threshold by Grody (1991) on a global scale. Because the 10-km spatial resolution is inadequate to analyze the convective cell, this study uses 85.5-GHz channel observations with 5-km resolution to improve the accuracy of the satellite retrieval rain rates, especially for the convective cells for Taiwan. Prabhakara et al. (2002) collected TMI and PR data from 20 cases of MCS on land. Whereas the rain rate varied greatly varies from 5.9 to 20.1 mm h -1 , the differences among TBs (TB 85 , TB 37 and TB 19 ) were, however, quite small (less than 3 K). This is because different rain types, either convective or stratiform, may have different rain rates even though they have the same TB. Tsai et al. (2008) studied the land rainfall retrieval using the SIL method in combination with TRMM/PR (precipitation radar) rain type data to classify the rainfall areas for Taiwan. The satellite rainfall estimation accuracy showed significant improvement, especially in the bright-band stratiform rainfall areas.
In order to have a sample size large enough for the derivation of rainfall retrieval algorithms using the statistical method, the PR near-surface rain rates (PR_RR) are used as the "ground truth." According to Demoss and Bowman (2007) , the PR estimated rain rates have low bias compared with rain gauge observations. Tsai et al. (2006) utilized rain gauge data to verify the PR_RR and showed that the rain maps derived from PR_RR and rain gauges were compatible for typhoon cases and the average correlation coefficient is 0.54.
This study mainly uses the PCT method with the help of standard products of TRMM/PR (2A25) to obtain rainfall retrieval algorithms for different rain types (Iguchi et al. 2000) to improve the accuracy of land rainfall retrieval in Taiwan. In section 2 of this paper, the characteristics of TRMM/TMI 85-GHz TBs for the typhoon precipitation in Taiwan are described. Data collection and processing are described in section 3. In section 4, rainfall retrieval using the PCT method for land rainfall in Taiwan is described, including the establishment the PCT equation, the precipitation threshold. Using PR_RR as the ground truth, the validation of rainfall retrieval results for Taiwan is described in section 5 and some conclusions in section 6 are presented.
ChARACTERIsTICs of TRMM/TMI 85-Ghz
TBs foR ThE TyPhoon PRECIPITATIon In TAIwAn
Here we discuss the characteristics of TB 85v and TB 85h during Typhoon Toraji on 29 July 2001. The PR_RR and rain-type data are used to derive the relationship between TMI 85-GHz dual-polarized TBs and rain rates under different rain types. Figure 1a shows the surface precipitation distribution estimated by PR. At that time, there were two centers of heavy precipitation. This is consistent with the 24-h accumulated rainfall recorded by the rain gauge network of the Central Weather Bureau of Taiwan as shown by Yang and Ching (2005) . The circles in the diagram represent the footprints of the TMI pixels and the resolution of each FOV (field of view) is 10 km. The TMI data along the curve A -B, 25 FOVs in total, passing through the heavy precipitation center in southern Taiwan are chosen for analysis. Figure 1b shows the vertical cross-section of the precipitation along the A -B curve. At Point A over ocean, there is no rain. Approaching the coast, the rain type is stratiform and the rainfall intensity is light. It is then followed by heavy rainfall over the mountainous area. The echo height of the stratiform rain is about 6 km and the bright bands exist at the height of 5 km. On the other hand, the rain type is convective with tops extending to the height over 15 km nearby Point B. In Fig. 2 , TB 85v , TB 85h , their differences, PR_RR, and rain types are shown to analyze the relationship between TB 85v , TB 85h , and surface precipitation along the A -B track, shown in Fig. 1 . In the figure, both TB 85v and TB 85h decrease with increasing surface rain rate, and the difference between TB 85v and TB 85h is relatively smaller in the convective rain area. Particularly, in the data for convective rain, the difference is almost zero. On the other hand, the difference between TB 85v and TB 85h is larger in the land and ocean areas with no precipitation as well as areas with stratiform precipitation. In areas with no rain, both TB 85v and TB 85h are over 250 K and their difference ranges from 13 to 18 K. In the stratiform rain areas, both TB 85v and TB 85h decrease with the increase of surface rain rate. When there is surface precipitation, both TB 85v and TB 85h are below 230 K, and their difference is from 12 to 19 K. In areas with convective rain, both TB 85v and TB 85h are below 190 K where the rain rate is above 25 mm h -1 , and their difference is less than 1 K. Through the above analysis, it can be shown that the observed TBs in the TMI high-frequency channels are mainly determined by the rain rate and are less affected by the background emission, as expected theoretically for the scattering channels. The larger the surface rain rate, the more scattering hydrometeors in the atmosphere, and, hence, smaller TB values are observed. The observed TB value at the convective cell is the lowest in the precipitation system. In addition, as for difference of polarization, in the no-rain and stratiform rain areas, the difference between TB 85v and TB 85h , on average, is larger than in the convective area. Using SSM/I data Spencer et al. (1989) found that, in stratiform rain areas on land, the difference between horizontal and vertical polarizations at the 85.5-GHz channel could be over 5 K, while the two are almost equal in convective rain areas. Various studies have shown that the main contribution for observation of polarization is related not only to the orientation of polarized ice particles, but also to the total amount of asymmetric snow and ball-shaped hail particles in convective and stratiform rain areas (Roberti and Kummerow 1999) . In stratiform rain areas, there is a higher content of asymmetric snowflakes with directional polarized factors, and the difference of polarization at 85 GHz could be over 10 K. In convective rain areas, there is a higher content of ball-shaped hail particles, which may cause the difference of polarization to be lower than 5 K (William et al. 2001) . Therefore, the difference of polarization values can also be the basis for assigning convective or stratiform rain types.
DATA souRCEs AnD PRoCEssInG
The scope of this study covers land areas of Taiwan. Satellite data used in this study include TMI (1B11), Visible/Infrared Scanner (VIRS, 1B01) and PR (2A25) data from TRMM Orbital Data Products (Kummerow et al. 1998 ) and the purple line represents rain types. Before establishing the relationship between microwave TBs and rainfall rates, the matched satellite microwave data and PR_RR must be collected. In order to have homogeneous microwave pixel data, high-resolution (2.2 km) data from VIRS Level 1B01 co-locating with TMI data are used to remove samples with beam-filling error.
RAInfAll RETRIEvAl usInG PCT METhoD In TAIwAn
In this section, data from 26 typhoons which made landfall in Taiwan from 2001 to 2006 are used for Taiwan land rainfall retrieval using the PCT method.
Establishment of the PCT Equation for Taiwan Region
Before a typhoon affects Taiwan, its peripheral areas are usually dominated by subsidence. During these periods, Taiwan usually experiences a cloud-free weather and there is no scattering matter (ice content) in the atmosphere. In Fig. 3 , five zones are marked out in the ocean areas adjacent to Taiwan for sampling cloud-free data. VIRS data are used to select the atmosphere samples without scattering hydrometeors for establishing the PCT equation for Taiwan region. There are 4121 samples in total for the 7 typhoons prior to making landfall in Taiwan in 2001. Figure 4 shows the scatter diagram of TRMM/TMI TB 85v and TB 85h data and the dashed line is the linear regression line. Figure 4 shows that, at times when it is cloud free over the sea, the TBs of vertical polarization are all higher than those of horizontal polarization, with differences of about 5 to 37 K. The linear regression equation for these samples can be determined by the distribution of the data and is as follows. 
From Eq. (4), the slope of the regression line is m = 2.171, and β = 1/m = 0.461 is then derived. Note that β = 0.45 was derived and assumed to be a constant by Spencer (1989) . Barrett and Kidd (1990) considered that β must vary with locations and seasons, and suggested β = 0.39 for application to northwestern Europe during summer to autumn. The derived β in this study is recommended for application to Taiwan during the typhoon season.
Substituting the derived β into Eq. (1), the PCT equation for Taiwan region can then be obtained.
In Fig. 4 , as the dashed line is extended, and intersects with the line of TB 85v = TB 85h at 290.3 K. This point is the PCT of the background under cloud-free conditions.
Rainfall Threshold for Taiwan land Area
To define the rainfall threshold of the PCT for Taiwan, the PCT values were obtained based on Eq. (5), and then matched with PR_RR. After being filtered, 5864 points were obtained for typhoons making landfall in Taiwan in 2001 with rain rates of 0 mm h -1 on land. Their distribution is shown in Fig. 5 . The mean value of PCT is 282.31 K and the standard deviation is 6.17 K. The confidence intervals (95% level) are then 269.97 K < PCT < 294.65 K for the rainfall threshold. Here, the lower end of the interval, 270 K, is taken as the rainfall threshold (Ti) for Taiwan. That is, it is assumed to have none-zero rain rate wherever the PCT is less than 270 K. 
Taiwan land Rainfall Retrieval
Using the TRMM/PR rain type data, the surface rainfall areas are divided into three categories, namely, convective rain areas, stratiform rain areas with bright band and stratiform rain areas without bright band. Individual rainfall retrieval is obtained using TRMM/TMI microwave data for each category to enhance the accuracy of rain rate estimation on land. Note that samples with the beam-filling error, near the swath edge in the TMI field of view are removed to avoid retrieval error.
Rainfall Retrieval Equation for Convective Rain Areas
In total, 164 pairs of effective sample data are used to derive the land rainfall retrieval formula for convective rain areas using linear regression. The scatter diagram of the Ti-PCT values and PR_RR for convective rain areas is shown in Fig. 6 . The derivation of the coefficients of rainfall retrieval algorithm is based on the empirical method of Ferraro and Marks (1995) , and the retrieval formula is as follows.
-_ _ .
PCT CON RR mm h
Ti PCT 0 368
Rainfall Retrieval Equation for stratiform Rain Areas with bright band
To obtain the rainfall retrieval for stratiform rain areas with bright band, data for 274 samples were used. The scatter diagram between the Ti-PCT values and the PR_RR is shown in Fig. 7 . The retrieval formula is given as:
Since the PCT method mainly uses the scattering character of the precipitation system to retrieve the surface rain rate, it is expected that the PCT values for stratiform rain areas with bright band would be lower than those for convective rain areas under similar rainfall situation (rain rates) owing to the influence of the ice content above the bright band.
Rainfall Retrieval for stratiform Rain Areas without bright band
From Fig. 8 , it can be seen that 56% (537/951) of the Ti-PCT values are negative for stratiform rain areas without bright band. Without bright band, it can be expected that shallow rain dominates and PCT values will be higher as the ice content is low in the atmosphere. For samples with the Ti-PCT values near 0 K, the PR_RR ranges from 0.5 to 12 mm h -1 . For larger Ti-PCT values, the relationship between Ti-PCT values and rain rates for this rain type is more or less like that for stratiform rain areas with bright band. This may be due to errors in identifying the existence of bright band. That is, although the bright band existed, it was not detected.
As most of the Ti-PCT values in this rain area are negative and there may be errors in detecting bright bands, the PCT method is considered to be not suitable for retrieving the rain rate of this rain type. So, in this study, the rain rate retrieval is limited to convective rain areas and stratiform rain areas with bright band. 
vAlIDATIon AnD APPlICATIon of RAInfAll EsTIMATIon In TAIwAn

validation
Data from typhoons affecting Taiwan during 2007 -2008 , are used to validate the PCT method derived in Section 4 for the rainfall retrieval in Taiwan. The rainfall retrievals are verified with PR_RR. Other rain rate estimation products (SIL_RR and SIL_RR*) are also used to evaluate the performance of the PCT method. SIL_RR is the rain rate estimated by the SIL method. SIL_RR* is the rain rate estimated by the SIL method with rainfall types classified.
The SIL method was developed by Chen et al. (2005) Fig. 6 . Depiction of the relationship between the (Ti-PCT) formulated from the TRMM/TMI satellite data and the PR_RR for the convective rain areas. Fig. 7 . As Fig. 6 , but for the stratiform rain areas with bright band.
To validate using PR_RR data, there are, 41 and 91 samples for the convective rain areas and the stratiform rain areas with bright band, respectively. The comparisons between the PR_RR and estimated rain rates with TMI microwave data are shown in Figs. 9 and 10. Some statistical analyses are shown in Table 2 . It can be seen that SIL_RR, without rain-type classification, underestimates rain rates for 32 (approximately 80%) samples of the convective rain areas and overestimates for all samples of the stratiform rain areas with bright band. On the other hand, considering raintype classification, for both SIL_RR* and PCT about 70% samples of the convective rain areas are underestimated. For the stratiform rain areas with bright band, the retrieval has been improved when rain types are taken into account, though rain rates are still overestimated.
From the statistical analyses listed in Table 2 , it can be seen that, compared with PR_RR, SIL_RR, SIL_CON_RR and PCT_CON_RR underestimate mean rain rates with mean differences of -5.2, -3.7 and -3.4 mm h -1 , respectively. PCT_CON_RR shows the closest value to the PR_RR in average. Based on these validation results, the PCT method improves the accuracy of overall rain rate estimates for convective rain areas.
For stratiform rain areas with bright band, SIL_RR has the largest overestimation of 6.1 mm h -1 . The rain rate retrievals by SIL_SBB_RR and PCT_SBB_RR are closer to PR_RR. Using different retrieval algorithms according to rain types determined from PR rainfall products, differences of the mean rain rate are reduced from 6.1 mm h -1 (SIL_RR) down to -0.34 mm h -1 (SIL_SBB_RR) and 0.04 mm h -1 (PCT_SBB_RR), and RMSE from 6.65 mm h -1 (SIL_RR) down to 1.73 mm h -1 (SIL_SBB_RR) and 1.68 mm h -1 (PCT_SBB_RR). These improvements are significant. From the above analyses, we concluded that the rain rate retrieval using TMI microwave data is improved when raintype classification is accounted for. From the statistical analyses, we found that SIL_SBB_ RR and PCT_SBB_RR are closer to PR_RR, and the differences of the mean rain rate are -0.34 and 0.04 mm h -1 , respectively. That indicates that SIL_SBB_RR performs better than PCT_SBB_RR. For convective rain areas, however, PCT_CON_RR performs better than SIL_CON_RR, with both smaller underestimation (0.77 times of PR_RR). In this study, the PCT method was developed with PR_RR data, while the SIL method was developed with rain gauge data by Tsai et al. (2008) . We expect that the PCT method would perform better than the SIL method, when validated with PR_RR data. In addition, the PCT method's resolution is 5 km, other than 10 km. This would further improve the accuracy for convective rainfall estimation.
To improve early warning forecasting, improvements in rainfall estimation for convective rain areas might be considered as the highest priority, as most rainfall in typhoons is from eyewall and rainband convection. Therefore, from the validation shown above, we expect that the PCT method with rain-type classification being taken into account could give more accurate quantitative rainfall estimation for typhoons as a whole.
Application of the PCT Method
In this section, the PCT method is applied to estimate rain rates in Taiwan during Typhoon Haitang (2005) . The data were collected at 1017 UTC 19 July (Swath 1), Fig. 8 . As Fig. 6 , but for the stratiform rainfall area without bright band. In the following, first, results for rain rate retrievals using the PCT method are demonstrated. Second, with PR_RR as the "best value," a comparison among the PCT and SIL methods (without and with rain-type classification) will be shown and discussed. The observed and retrieved rain rate distributions for Swath 1 are shown in Fig. 12 . From the comparison between the PR_RR rain rate distribution (Fig. 12a ) and the PCT TB distribution (Fig. 12b) , it can be seen that the patterns of the two are very similar to each other, especially in the heavy precipitation areas. The larger the PR rain rate in an area, the lower the PCT TB. Based on the PCT TB values, rainfall retrieval equations [see Eqs. (6) and (7)] are used according to rain types for the Taiwan land precipitation estimation. The results are shown in Fig. 12c . From the comparison between Figs. 12a and c, the rain rate pattern obtained by the PCT method is similar to the observed one, but with underestimated magnitude. Figure 13 shows the distribution of | SIL_RR -PR_RR |, | SIL_RR* -PR_RR |, and | PCT_RR -PR_RR | rainfall differences for Swath 1. The statistical analyses are shown in Table 3 . For Swath 1, the sample number of the convective rain area (21) is comparable with that of the stratiform rain area (23). Rainfall differences are relatively large in convective rain areas, especially for SIL_RR*. On the other hand, the difference is small in stratiform rain areas. From  Fig. 13a , it is shown that most of the absolute rainfall differences, | SIL_RR -PR_RR |, are about 10 mm h -1 . In Fig. 13b , most of the rainfall differences, | SIL_RR* -PR_RR |, are under 5 mm h -1 , except in the convective rain areas, which has large values up to 40 mm h -1 . Figure 13c shows a pattern of | PCT_RR -PR_RR | similar to Fig. 13b , but with 
significantly small rainfall differences in the convective rain areas. From Table 3 , it can be found that the absolute difference between the PCT_RR and PR_RR is the smallest, and the correlation coefficient between them is the highest. SIL_RR* has the largest absolute difference among all the rain rate estimation methods due to large differences in convective rain areas. However, from the comparison of the correlation coefficient, it is shown that SIL_RR* is better than SIL_RR as a whole. When rain type is not considered, SIL_RR has large differences compared to PR_RR regardless of rain types. Therefore, it shows the lowest correlation coefficients with PR_RR among all the three methods.
For Swath 2, 53 samples are classified as stratiform rain areas. There are 2 samples of the convective rain area. From Figs. 14 and 15, the comparison among the three methods of rainfall retrieval is basically similar to that of Swath 1. Most of the rainfall differences are about 10 mm h -1 for SIL_RR. For SIL_RR*, most of the rainfall differences are under 5 mm h -1 , except in the convective rain area. Most of rainfall differences are smaller than 5 mm h -1 for PCT_RR, and the difference is smaller than that of SIL_RR* in the convective rain area. From Table 3 , it is seen that by comparison with PR_RR, both the mean absolute differences of PCT_RR and SIL_RR* are less than 4.5 mm h -1 . SIL_RR has a significant larger rainfall difference of 8.1 mm h -1 . From the comparison of correlation coefficients, it is found that both PCT_RR and SIL_RR* are better than SIL_RR.
From the above analysis, the PCT method can improve the accuracy of the rainfall estimation over land for typhoon rainfall rate. Furthermore, with rain type classification, the SIL method can provide better rainfall estimated for stratiform rain areas, but not for convective rain areas.
ConClusIons
Land rainfall retrieval using satellite microwave data mainly depends on the high-frequency scattering mechanism, and current studies on land rainfall retrieval are mostly based on the SIL method and the PCT method. In this study, we derived the PCT equation and a new β value of 0.461 is recommended for application to Taiwan during the typhoon season. Microwave data of TRMM/TMI and the PCT method were used to establish the rainfall retrieval of typhoons on land of Taiwan. Data for cloud-free clear-sky conditions were used to set up the PCT equation for Taiwan area. The rainfall threshold of PCT was obtained using data with PR_RR of 0 mm h -1 .
Without taking the rainfall types into consideration, the rain rate is often underestimated for convective rain areas and overestimated for stratiform rain areas. Thus, in this study, based on the data of TRMM/PR-2A25 standard products, the rain areas have been divided into three different rainfall types: convective, stratiform with bright band and without bright band. Using data from 26 typhoons affecting Taiwan during 2001 to 2006, the PCT values are regressed with PR_RR on land, which then provides separate PCT equations for the rain rates associated with different rainfall types on land of Taiwan. However, the relation between Ti-PCT values and land rainfall is not pronounced for the stratiform rain areas without bright band. As rainfall of this type is a warm-rain process which happens at altitudes below the freezing layer, radii of rain drops are small and the rain rate is low and so the improvement is not notable. These observations show that the characteristics of this rain type make the PCT method unsuitable for the indirect rainfall retrieval using the high-frequency scattering mechanism.
To validate the PCT method for rain rate retrieval in convective rain areas and stratiform rain areas with bright band, data associated with 10 typhoons affecting Taiwan from 2007 to 2008 were used. We found that using satellite microwave TBs to estimate rain rates, it is necessary to consider the rain type classification. Otherwise, overestimation for stratiform rain areas is expected due to bright band and underestimation for convective rain areas. The validation results show notable improvement in rainfall retrieval for convective and stratiform rain areas, and PCT_CON_RR is better than SIL_CON_RR.
The PCT method is used to estimate rain rates in Taiwan during the landfall of Typhoon Haitang (2005). Rainfall retrievals associated with two swathes of TMI are examined against rain gauge observation. The PCT method is shown to provide more reasonable rainfall estimates compared with the SIL methods, with or without rain type classification. We conclude that the PCT method can improve the accuracy of the rainfall estimation on land for typhoons. Note that the PCT method uses 85-GHz data with 5-km pixel size finer than that of low-frequency channel data, it would have higher rainfall retrieval resolution than the SIL method. Overall, we recommend that the PCT method be used for quantitatively precipitation estimation. It should be noted that the PCT method, limited by the 5-km resolution of TMI data, may underestimate the rain rates associated with convection, since it is common to see convection with horizontal scales smaller than 5 km.
However, in this study, the TRMM/PR data are used to classify rain type. Because the swath of PR is only 215 km wide, not all data of TMI swath across the whole 760-km width can be used to estimate rain rate. To enlarge the range of rain rate estimation, it is, therefore, necessary to establish a rain-type classification system for TRMM/TMI over Taiwan in the future. 
